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ABSTRACT

Six organic oxygen com?ounds, representing six points on a
C-H-0 ternary diagram, were subjected to a high energy electrode-
less R,F. discharge., The concentrations of the gaseous products
were compared to the concentrations computed for thermedynamic
equilibrium.at the experimental conditions. The results show
the major products to be present in approximately the same pro-
portions as calculated, and the predicted asphalt threshold is
also shown to exist., The nature of the solid product formed is
discussed in terms of present theories on the origin of hydrocarbons
in carbonaceous chondrites., A quasi-ecuilibrium is suggested to
account for the formation of products rather than a true thermo-

dynamic equilibrium.
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INTRODUCTION

Since Oparin 1538 first proposed that the prebiological
atmosphere of the Earth was of a feducing nature, many workers
Mfiller (1955), Ponnamperuma, et al.(lQé@ and Sanchez, et al.(1966l
have shown that complex organic conpounds can be synthesized in
these conditions if sufficient energy is supplied to the system,
The success of these experiments has suggested that the concen-
trations of complex mixtures of gases can be calculated for a
therncdynamic equilibrium, and the predicted amounts of the
nolecules formed may be compared to the experimental results,

The computational method followed in the present work is
that developed by White, et al,(1958), in which the eouilibrium
concentrations of many compounds are calculated by ninimizing
the total free energy of the system., The distribution of these
compounds at equilibrium is independent of the specific redctions
occurring, the only requirement being the existence of at least
one reversible reaction.path frem the major constituent by which
each compound can be formed. This fegction path is dependent
only on pressure, temperature and elemental composition, and
therefore the equilibrium constants of all possible reactions
are satisfied,

Dayhoff, et al.(1964 and Eck, et al, (1966) have developed
such a computer program by which the equilibriunm concentrations
of over 500 compounds containing up to 25 elements can he conmputed
for a wide range of temperaturecs and pressures, The nresent work
involved selecting a number of organic connpounds and then comnuting

the ccuilibrium concentrations of these compounds for the six C-H-0



elenental compositions which correspond to the compounds used,

The energy required to overcome the activation energies for
the various reactions was supplied by an electrodeless R,F, dis-
charge. When a tube of gas is inserted into a wire helix which
is excited with R,F,, it acts as a secondary in a transformer,
and the gas is partially ionized as 'a result of dielectric loss.,
If the excitation 1is great enough the ionization is essentially
complete and the resultant plasma approximates to a shorted turn
in the inducing coil,

Dayhoff, et al.(1964) showed that C-H-0O systems, either alone
or cohtaining other elements, could be represented on ternary
diagrams, each diagram having thresholds where the concentrations
of compounds change by several orders of magnitude, see Fig, I.
The oxygen threshold is represented by the C02-H;0 line, and
below this threshold only CO,, H,0 and 0, can exist in appreciable
concentration., The position 6f the asphalt threshold changes with
temperature and pressure; for elemental compositions above this
line, benzene and a large number of polynuclear aromatics can form,
For simplicity, these polynuclear aromatics are grouped under the
name asphalt, which is a composite compound represented by a formula
CppHy,, having 100 isomers., The frec energy was calculated using
the group contribution method of Van Krevelin, et al. (1951).

Graphite may be considered to be the end product of the poly-

merization of asphalt, and even at fairly high temperatures, the



activation energy for its formation secms to be very high, and

for this reason it is omitted from the computations,

EXPERIMENTAL PROCEDUPE

The apparatus used is shown in Fig. II. The R.,F., generator
was operated at a frequency of 10 MHz With a maximum D.C. input
power of 1125 watts, The system was approximately 60% efficient
in onverting the D.,C. to R.F. and coupling the R,F, to the plasma,
Power transfer from the R,F., generator to the plasma depends on
proper impedence matching, and since the frequency of the genera-
tor could not be altered, correct matching coula only be made by
adjusting the pressure of the gas, the optimum pressuré being
in the region of 20 torr.

Pure compounds were used for the gas samples so that the ele-
mental composition was accurately known, and a flow system was
employed so that the formation of a solid deposit did.not change
the overall composition of the reacting gas by a very large degree,

Two types of plasma were observed., The first had the appearance
of a glow discharge with a low intensity blue glow, The second
type of plasma was termed a 'flame plasma' since a dense pink
flame was formed in the center of the reaction tube, Samples pro-
ducing a glow discharge did not form a solid product while those
producing a flame plasma deposited a solid almost immediately on

the walls of the rcaction tube; the flame was therefore probably



caused by incandescent particles formed from reactions in the
plasma, A glow discharge was produced by each sample at low
pressure, but in the region between 12 and 17 torr. some samples
gradually transformed from a glow discharge to a flame plasna,
while others remained unchanged. Above 20 torr., a pressure was
reached with each sample where the plasma would self-destruct., It
was also noted that a sufficiently high vapour flow rate was
necessary for the production of a flame plasma, and licuids with
low vapour pressures could not be used for these experiments.

Eight compounds were studied, representing seven C-H-0O
compesitions as denoted by the letters A through G on the ternary
diagram on Fig. I; these compounds and their elemental compositions
are given in Table I, Composition G represents the two isoners
methyl acetate and ethyl formate whose gas products'were auanti-
tatively compared.

At the end of the experiment, part of the gas sample was col-
lected in a l-meter I,R, gas cell; the apparatus was then filled
with 300 torr, of helium, and a sample of the resultant gas was
ccllected in a gas pipette for analysis by gas chromatography. A
Varian Aerograph 15208 gas chromatograph was used, with é Linde

5B molecular sieve column and a thermal conductivity detector.
RESULTS

The I.R., spectra and gas chromatograms for compositions B
through G appeard to be essentially the same with large amounts

of Hy, CHg, CO and C,l, and relatively smaller quantities of C,H,,

2
Cotlg, C4Hg and CO7. The quantities of acetylene, ethvlene and

3 e § ~ - 3 ;o .Y 1 ]
ethane were observed in the order C,H,>C,H,>C,He.
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The GC detected onl& Chp, CO and M, at-composition A, and
the presence of water was detected by mass spectrometry in a gas
sample which was not passed through the COj-acetone trap, |

The products from the two isomers of composition G were com-
pared by determining a percentage of the total area under each

;
peak in the GC. The results in Table II show that the composi-
tion of the gas mixtures are largely. independent of the nature

of the starting material but depend on its elemental composition,
NATURE OF THE SOLID DEPOSIT

The difference between the nature of the plasmas seen with
compositions A, B and C and with D, E and F demonstréte the
existence of the asphalt threshold predicted by Dayhoff, et al.(1964).
Graphite could not Be detected. in large quantity in the solid deposit,
which lends crédence to the approximation made by Dayhoff as to
its rate of formation. he actual nature of the solid deposit,
however, was difficult fo determine,  and different colored regions
could be observed on the walls of the tube. Black rings formed
at the top and bottom of the tube, and between these the color
would vary from brown to light yellow., Most parts of the deposit
would fluoresce green in U.,V, light indicating the presence of aro-
matics, The yellow solid was mainly an aliphatic polymer, while
the other areas contained asphaltic compounds and a very small
amount of finely divided graphite, It was found that the solid
was partially soluble in benzene, the solution being highly

fluorescent; the I,R. spectrum of a mull of this fraction in



1,3: hexachlorobutadiene in the region from 3300-2900 cn” 1 showed
the presence of more aromatic than aliphatic C-Il bonds, Analysis

of this fraction by thin-layer and gas chromatography was rather
inconclusive, but such polynuclear aromatics as pyrene, chrysene,
coronehe and fluoranthene have been identified, The fraction which
is insoluble in benzene fluoresces a very light blue with U.V. 1light
and the I.R., spectrum indicates predominantly paraffinic C-H bonds,
This is a similar result to that found by many workers investigating
the polymerization of acetylene to cuprene by, for example silent and
semi-corona discharge, Glockler, et al, (1943, electron irradiation,
Jones (1960), and x—ray polymerization, Lind, et al, (1926,

It ig interesting to comparc the solid product obtained in
these expériments with the extracted from carbonaceous chondrites,
Anders 1963 states that rmost of the hvdrocarbons he finds are satur-
ated, and there is little evidence for polynuclear aromatics with
more than two rings. Briggs 1962 also states that there is evidence
of completely insoluble organic material in carbonaceous chondrites,
which appecars to be a high molecular weight hydrocarbon polymer
similar.to the benzene insoluble fraction formed in the present ex-
periments. However in a later paper, Briggs (1962 report that aro-
matics are present and form a fairly high proportion of the total
hydrocarbon content, along with the saturated and unsaturated ali-

T

phatic polymers; 95% of the organic matter he finds is unidentified,
Hayes (1967), in a review article, summarizes the recent investigations

into the organic constitutents of meteorites, and comes to the



conclusicn that the results of the ﬁany analyses of carbhonaceous
chondrites show about 30% of the total carbon present to be ex-
tractable into organic solvents, and consists éf both aliphatic and
aromatic hydrocarbons; the remaining 70% appears to be tied up in an
organic polymer.

Most recently, Studier, et al, (1968 made a detailed study of
the composition of hydrocarbons found in carbonaceous chondrites
and of hydrocarbons made synthetically from mixtures of carbon
monoxide and deuterium using iron méteorite powder as catélyst.
At lovw temperatures, straight chain paraffins and olefins preconi-
nate synthetically, with a slow conversion to aromatics on sus-
tained reheating, while at 900°C polynuclear aromatics were ob-
tained in high yield. They reconcile these results with the
analysis oflthe organic constituents of carbonaceous chondrites
by proposing a two-stage mechanism, The firét step involves a
Fischer-Tropsch synthesis which can occur at high H-C ratios; the
hydroqarbons condense in the meteorite and become isolated from
the hydrogen-rich gas phase, In the second stage, since the compo-
sition of the carbon-hydrogen system now lies in the‘asphalt region,
equilibration can occur over a long time scale causing the con-
version of aliphatic to aromatic molecules.

The results of the present investigation can be reconciled with
the theories of Studier, et al, (1968 and the observations of the

other workers., The black rings, which form on the walls of the



reaction tﬁbe and consist largely of polynuclear aromafics, may
be considered to be formed by equilibrium processes, whereas
the lighter-colored rings containing predominantly aliphatic
hydrocarbons are-formed close to the center of the plasma and

condense before equilibrium is attained,
COMPARISON WITH CCMPUTATIONS

For compositioné A through F, concentrations of over thirty
compeunds were computed for thermodynamic equilibrium at teﬁpera-
tures between 500° and 2000°K. All compounds were assumed to be
in the gas phase with a total pressure of 20 torr. Five najor
conpounds were selected for a comparison between computed and
experimental concentrations; these are hydrogen, methane, acety-
lene, carbon monoxide and carbon dioxide, Their computed con-
centrations at temperatures from 500° to 2000°K are shown in
Table III together with the observed concentrations calculated
from the area under the peaks on the gas chromatogram;

It may be seen that thé major species at 500°K are complete-
ly different from those over 1000°K., For compositions in the
asphalt region, methane and CO, are the major compounds at 500°K,
but hydrogen and CO became dominant above 1000°K, while above
1400°K CHy and CO, decrease to almost negligible amounts. At still
higher temperatures, acetylene becomes an importantAconstituent.

The results for compositions in the asphalt region, D, E and

F, are best explained by a temperature in the range 1300°-1500°K



whereas the effective temperature for compositions B and C seems

to be nearer 1000°K, although the high acetylenq concentration

for these compounds presents an anomoly, The effective temnera-
ture at composition A is indefinite since the mole fractions of
the major compounds cannot be specified within a temperature range.
The temperature of the glow discharge produced by A, B and C is
expected to be lower than the temperature of the flame plasma
produtéd by D, E and F since the glow discharge ‘is neither as

dense nor as well defined as the flame plasma,

It was not possible to measure the temperature of the plasma,
since'electrical nethods must be eliminated because of the field
produced by the R,F, coil and optical methods cannot be used be-
cause of the asphalt deposit, It is also'nof pbssible to say
precisely where the recactions are occurring, and there must be a
fairly steep temperature gradient from the center of the coil
along the reaction tube, The fact that solid formation is seen
to occur at the center of the coil shows that considerable reaction
must occur in this region. However as the particles flow thrcugh
this region they must still be in a highly excited state, and
reaction can occur at positions further along the reaétion tube,

Estimates of the temperature at the center of similar plasmas
have been made by Dodonova (1954) and Mduld, et al,(1960) who report
that the translational temperature is in the range 4000-2000°K,
This may be used to explain the large amount of acetylene measured

in these exneriments; it is postulated that the equilibrium is very



nearly complete in the central region of the plasma, and 1is
modified with the temperature gradiént as the gas flows along
the tube, until there is no longer a sufficient number of
molecules in an excited state to overcome.the activation energy
for the reaction,

Thus the product concentration cannot be adequately explained
by a true thermodynamic equilibrium at‘a particular temperature,
but is better explained in terms of a cuasi-equilibrium along a

temperature gradient.
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TABLE I

Experimental C-H-0 Compositions Used in the Plasma Reactions

Composition Compound % Carbon % Hydrogen % Oxvgen
A ' Formic Acid 20 4b 40
B Acetic Acid ‘ 25 50 25
C Methanol 16.7 66.7 16,7
D Ethanol 22,2 66,7 11.1
E Acetaldehyde 28.6 57.2 14,3

F Acetone 30 60 10

Methyl Acetate
G . 27.3 54.6 18,2
Ethyl Formate



TABLE 1II

Comparison of the Relative Distribution of Products from Two Isomers

Peak Component Ethyl Formate Methyl Acetate
H, 1.7% 2.0%
CHy ' 2.2 ' 2,2
Co 77.2 75.3
C,Hg 0.4 0.4
CzHg, CO, . 1,2 0.7
C234 1.5 1.1



The Production of Simple lMolecules from C-l-0 Systems

TABLE I11I

Asphalt

Composipion H, CHy C,He 2H4 ‘2“2 co Co,
A HR K - - - - Xk X %% -
B ®d ® % * * ®F & % -
C kR% % ) * *‘ 2R S b -
D k&% % % % ® % * & - *
E RS * 7 S & k% R - *
F kiR * & s %% SRS *

hik

& &

Between 20 and 100%
Between 2 and 20%
Detectable, below 2%

Not detected



TABLE 1V

Comparison of ole Fractions Between Experimental and
Computed Data

Temperature °K H, co co, Cll, C,H,

Composition A

500 0393 ,0005 L7275 2328 -
1000 .3506 ,2987 .3506 - -
1100 +.3333 .3333 L3333 - -
1200 ,3151 3699 .3151 - -
1300 .3056 ,3889 .3056 - .
1400 L2857 4286 .2857 - -
1500 .2557 4286 .2857 - -
2000 L2537 .4925 .2537 - -
Experimental 354,385 ,263 n.o. n.o

Commosition B

500 0026  .0059 .4907 .5008 -
1000 4984  .4984 .0011 .0020 -
1100 4996  .4996 ,0002 .0005 .
1200 4999 ,6999 .0001 .0002 -
1300 ©.5000 .5000 . ,0001 .
1400 .5000  .5000 ; ] -
1500 5000 .5000 : ; .
2000 5000  .500 - ; -

Experimental +485 459 014 .007 035



TABLE IV (cont.)

Temperature °K 1 co co, cH (o 5

Ccomposition C

500 0647 .0003 2445 6904 -
1000 L6647 .3323 .0008 (0021 -
1100 6695 ,3298 .0002 0006 -
1200 6698 3299 - .0002 -
1300 L6699 3300 - .0001 -
1400 L6700 3300 - - -
1500 6700 .3300 - - -
2000 6700 .3300 - - -
Experimental .688 . 259 . 004 013 031

Composition D

500 .0027  ,0048 .2481 7444 -

1000 5151 ,3030 - .1818 .0001
1100 6380  ,2835 - .0780 .0004
1200 6916  ,2746 - L0315 .0022
1300 7056 ,2721 - L0131 .00092
1400 7008 L2641 - L0057 .0294
1500 6617 L2607 - .0024 0752
2000 6262 ,2525 - - 1212

Experimental 704 . 217 n.o. .012 .068



TABLE IV (cont,)

Temperature °K H, o co, Cl, C,H,
Composition b
500 .0007 0204 .3365 6424 -
1000 4490 .4081 - .1428 .0001
1100 .5548 .3833 - 0615 .0004
1200 .5983 .3752 - .0243 L0022
1300 6130 .3678 - .0102 .0090
1400 6046 .3628 - .0044 .0282
1500 .5718 .3511 - .0019 L0752
2000 ,5000 .3300 - ; 1700
Experimental .648 . 252 n.o. .014 . .087
Composition F
500 ~,0008 .0176 .2583 . 7233 -
1000 .5000 .3265 - 1735 .0001
1100 .6157 .3079 - .0759 .0004
'1200 6672 . 2982 - .0308 0025
1300 .6896 .2882 - 0124 .0099
1400 6760 .2868 - .0055 0317
1500 .6394 .3552 - .0023 .0842
2000 .5000 .2500 - - L2500
Experimental 606 . 303 n.o. 013 078
- <0,0001
N.o, not observed



